Must the water networks be fail-proof or must they remain safe during a failure? What must water system managers try to achieve? The present paper introduces a methodology for the hierarchical analysis (in time and space) of the preventive maintenance policy of water supply networks, using water supply system performance indices. This is being accomplished through a technical-economic analysis that takes into account all kinds of costs referring to the repair or replacement of trouble-causing parts of the water supply network. The optimal preventive maintenance schedule suggested by the methodology is compared with the empirically based maintenance policy applied to the Athens water supply system.
INTRODUCTION
One of the most crucial tasks that every water utility has to accomplish is the planning of the optimal preventive maintenance of the water system. To achieve maximum safety, periodic checks on system operation, in order to detect any possible problems, are necessary.
Unfortunately, the real conditions of 'running' water supply systems greatly differ from theoretical considerations due to financial shortcuts that make inspections of the entire system an impossible goal to achieve, or due to time restrictions, due to insufficient water tanks which do not allow for temporary interruptions of the water supply. Under these hardly flexible operating conditions, a system manager has to prioritize all the possible system maintenance tasks, also considering the forecast operating conditions for the system for the years to come. The present paper introduces a methodology for the hierarchical planning in place and time of the preventive maintenance policy in water supply networks, using the Significance Index of each system part and the Vulnerability Index of the entire system. The main principle of this methodology is to keep the consequences of any failure in the system within accepted levels (safefail), rather than try to achieve a failure-free system (failsafe) (Kanakoudis & Tolikas 2002) . The whole attempt is based on a technical-economic analysis of all kinds of costs related to the repair/replacement of trouble-causing parts of a network. The methodology is implemented in the water supply system of Athens, Greece that has a total length of 510 km and a supplying capacity of 1,420,000 m 3 /d, satisfying the needs of 4,500,000 customers.
reliability, risk, mission reliability, incident period, availability, reparability, vulnerability, sustainability and engineering risk (Kanakoudis 2002a) . Several researchers have developed methodologies for the optimal planning of the preventive maintenance policy for water supply networks based on such indices (Hashimoto et al. 1982; O'Day 1982; Marks et al. 1985; Andreou et al. 1987; Wagner et al. 1988; Quimpo & Shamsi 1991; Male et al. 1994; Shamir & Howard 1981; Duckstein & Parent 1994) . Most of them were based on the system reliability that is distinguished from the mechanical (which refers to the uninterrupted operation of any system device/part) and the hydraulic reliability (which refers to the proper operation of the entire system within a specified time period). In order to estimate the system's hydraulic reliability, the estimation of the mechanical reliabilities of its parts is necessary. Kapur & Lamberson (1977) were the first to calculate the hydraulic reliability of a system, when its several parts are placed in series or in parallel. To calculate the hydraulic reliability of a network, whose parts are not placed in series or parallel, several methodologies have been developed (fault and event trees, cut sets, path sets, conditional probability approach, connection matrix method), based on Network Reduction
Methods that try to convert the network into a set of blocks (one or more parts) placed in series or in parallel.
Each block also consists of individual parts (called arcs) placed in series or parallel. These arcs can be simple network components. The joining points of blocks and arcs are called nodes. Using such methods, it is easy to calculate each component, arc and block mechanical reliability. Then, it is easy to calculate the system's hydraulic reliability using Kapur and Lamberson equations.
From all the attempts developed, Wagner introduced, and Quimpo & Shamsi developed, the most widely used methodology called 'reach-ability and connectivity' (Wagner et al. 1988; Quimpo & Shamsi 1991) . This method refers to steady-state conditions, can be applied to both water supply and delivery nets and uses the node-pair reliability, defined as 'to secure a constantly open path among the demand and supply nodes during the specified period'. To apply this method it is necessary to predetermine all these paths. For each demand node these paths are disjoint events and the system's hydraulic reliability equals the probability that at least one of these disjoint events occurs. This probability is the sum of the probabilities that any one of these disjoint events occurs independently. The Quimpo and Shamsi method does not considers the cost to restore the failure and the possible differentiation of the failure impacts during the attempt to satisfy the demands. This can result in errors in the hierarchical analysis of the system parts, when the restoring cost and the failure impacts are not fixed but depend on the system's operating conditions.
THE SUGGESTED METHODOLOGY
When a water utility manager adopts the reliability-based analysis of a water supply system, a great danger lies in wait. In Athens, although the water supply system was highly reliable, at the same time it was extremely vulnerable (in terms of failure-caused cost) during a failure, due to the fact that the system's high reliability derived from a certain operation pattern where, although the probability of any failure occurrence was minimized, the failure impacts were huge. In order to analyze a water supply system considering the magnitude of its failure impacts the present work develops the Quimpo and Shamsi methodology, by using each part's Significance Index to determine where and the system's Vulnerability Index to determine when the preventive maintenance work will take place.
The former is the product of each part's Probability Index (probability of a failure occurrence) and Hazard Index (a cost index reflecting the magnitude of the failure impacts) related to the system Percentage of Use Index.
For each operating scenario the system's Vulnerability
Index is the sum total of the Significance Indices of its parts. The successive steps are:
Step 1. Hydraulic simulation and cost-based optimization of the system operation for (n) water supplying and (k) water demand scenarios (nk normal operating scenarios).
Step 2. Determination of the system parts (r) where possible failures have different impacts (operating cost).
Step3. Determination of the characteristics of the failure chosen to be the 'typical' failure.
Step 4. Quantification of the failure impacts for each one of the (nk) operating scenarios (Hazard Index).
Step 5. Calculation of the Probability Index for each 'crucial' part of the system (r values).
Step 6. Calculation of each part's Significance Index related to the system's Percentage of Use Index for each operating scenario (nkr values).
Step 7. Spatial hierarchical analysis of the preventive maintenance for each part of the network based on the Significance Indices for each operating scenario.
Step 8. Calculation of the network's Vulnerability Index for each one of the system's operating scenarios.
Step 9. Determination of the optimal time for beginning the preventive maintenance work for each network part based on the system's Vulnerability
Index for each one of its operating scenarios.
APPLICATION OF THE SUGGESTED METHODOLOGY
The suggested methodology was implemented in the Athens water supply system (Figure 1 ). This system carries water from several water resources through alternative paths to four Water Treatment Plants located just outside the city limits, has a total length of 510 km, a maximum carrying capacity of 1,420,000 m 3 /d and satisfies the needs of 4,500,000 customers. The impacts of any failure depend on the specific water supply-demand scenario due to the existence of alternative water resources/paths.
The water consumption in Athens
The mean daily water demands in Athens are 900,000 m 3 , supplied under the responsibility of the local water utility known as EYDAP. These demands have grown by about fifty times since the beginning of the 20th century, when they were satisfied through small-scale water works at the local resources (springs) and embryonic water supply/ delivery networks. The rapid increase of the water needs and the prolonged drought periods forced the construction of large-scale water works that strip the water resources of Central Greece, from Marathon River to Evinos River, 200 km outside the city limits. The mean annual growth rate of the water needs in Athens has been approximately 8% since 1981, when water conservation measures based on aggressive water pricing policies were adopted due to the inadequacy of the water resources reserves. Such kinds of measures, combined with water consumption suppressing measures, were imposed from 1990 to 1993, to face the drought period that Athens had been experiencing since 1988 (Kanakoudis 1998 (Kanakoudis , 2002b .
The capacities of the water resources reserves
The Athens water supply system consists of pumping units (Kanakoudis 1998) .
Hydraulic simulation principles in brief
The sketch of the system gives an image of all possible alternative water supply resources and paths. The system's 
Estimating the system's operating cost under normal operating conditions
The optimization of the system's operation is based on the minimization of both the energy cost to pump and transfer the water and the cost of the water losses that occur during the supply process. To calculate the energy cost spent to pump and transfer the water, the characteristics of the pumps, boosters and drilling capacities, the structure and 
Water demand scenarios
The next task is to determine the water supply and demand scenarios. In Athens the determination of the water demand pattern is based on the following aspect:
'the demand pattern includes the mean daily demands for each one of the twelve months of the year (stated as T )
whose maximum daily demand equals the maximum water volume that can reach the plants with respect to the carrying capacities of the aqueducts, the pumping capacities of the pumps and the treatment capacities of the plants' (Kanakoudis 1998) . The Athens system model revealed that 1,419,300 m 3 of water could be supplied daily to the plants. The next step is to form Table 3 from EYDAP records, concerning the mean daily demand of each month of the year T. From Table 2 , which includes the Monthly Demand Distribution Factors, it shows that
July is the month with the maximum mean daily water demand (MDF = 121%). The mean daily water demand of the year T is therefore 1,173,000 m 3 ( = 1,419,300/1.21).
From the mean daily demand of the whole year T and the demand factors presented in Table 2 , the actual mean daily demand for each month of the year T is estimated ( Table 3 ). Assuming that the daily demands are allocated to the plants according to their capacities Table 4 is formed. Results of the hydraulic simulation and operating cost-based optimization of the network
• The cheapest water comes from the joint operation of the Mornos and Evinos reservoirs, followed by Lake Yliki.
• The water demands in the plants can be satisfied directly without any further redistribution.
• Assuming a 'medium' hydrologic scenario, the total water volume annually supplied by the resources is 464.5 × 10 6 m 3 (97.9% supplied by the Mornos-Evinos reservoirs and 2.1% by Lake Yliki and its drillings).
• The Mornos-Evinos supplying capacity is 1,378,500 m 3 /d while Lake Yliki can supply 670,000 m 3 /d.
• The maximum water demand in the plants satisfied using only the Mornos-Evinos system is 1,270,600 m 3 /d.
• The maximum daily water demand in the plants satisfied using all the water resources is 1,419,300 m 3 .
The mathematical framework
The optimization process resulted in specific operating scenarios of the Mornos-Evinos and Lake Yliki systems (columns 3 and 4 of Table 5 , respectively) in order to satisfy the predetermined water demands in the plants (column 2 in Table 5 ). Additional supplying scenarios were considered assuming that the Mornos-Evinos supplying capacity may range between 65-100% of its maximum capacity (the values of the system's maximum capacity in each water demand scenario are included in column 3 of Table 5 ). The results revealed that, based on regression analysis, a mathematical model that calculates the water supplies from each water resource as a function of the water demands in the plants can be developed that satisfactorily approaches ( > 95%) the optimal system operation.
The model in brief
Initially the variables of the mathematical model are determined:
SQ WTP = the daily water demands in all four Water Treatment Plants (#1,419,300 m 3 ).
Q M + E = the daily water supply from the Mornos-Evinos system (#1,378,500 m 3 ), Q Y = the daily water supply from Lake Yliki and its supporting drilling system (#670,000 m 3 ).
All possible values of SQ WTP are then grouped into two distinct ranges:
• SQ WTP #1,270,600 m 3 .
The water supply from the Mornos-Evinos system necessary to satisfy the needs is derived from ( × 10 3 m 3 ):
If the Mornos-Evinos system can offer only a part (q M + E ) of the water volume calculated using Equation (1), then the water from Lake Yliki necessary to satisfy the needs will be ( × 10 3 m 3 )
• 1,270,600 m 3 #SQ WTP #1,419,300 m 3 .
As the Mornos-Evinos system supplies its maximum supplying capacity (1,378,500 m 3 ), the water supply from Lake Yliki necessary to satisfy the demands is ( × 10 3 m 3 )
DG. 
In Athens, considering the level and structure of the Inverted Block Water Rate used (Table 9) , the per capita water use, the average charge per water use (Table 8) needs during a failure, although usually, partial satisfaction of the water needs is possible. Considering that from the water supplied only water losses due to leaks/breaks are not actually being consumed, the social cost will refer to the rest water volume. For example, if Q is the total water entering the system, then the water volume that will actually be consumed will be [Q(1 − LB)], where LB(%) is the portion of the water supplied that is being lost due to leaks/breaks. In conclusion, the social cost (Cs) deriving from a water deficit of Q − q m 3 /d is
In Athens Ucs = 2.35 Euro/m 3 as LB = 18% (Figure 7) (Kanakoudis 1998).
In conclusion, Figure 8 presents the daily extra operating cost of the system for each one of the 880 alternative scenarios. The results verify that the most distressing failures occur in sections 1, 2, 3 and 9.
Estimating the Probability Index (V R )
The method of Dynamic Analysis
During the last twenty years, two different approaches, the leaks in tunnels. Dynamic analysis assumes that failures related to a specified network's length (L) occur randomly in time and their probability of occurrence can be described by a homogeneous (Andreou et al. 1987a, b; Jowitt & Xu 1993; Male et al. 1994) or non-homogeneous
Poisson distribution (Ross 1989; Goulter et al. 1993) , based on the reliability and extent of the available failure data records. According to the homogeneous distribution the probability that, in a time period (T) a random event-a failure of any duration-related to the specified length (L) will occur (r) times, depends only on the expected value (B) of the event's occurrences (mean number of occurrences in the specified time period) and can be calculated as
where M is the expected time between failures related to the length (L), B = (T/M) is the expected number of failures related to this length (L) in time period (T). In contrast to the homogeneous Poisson distribution, the non-homogeneous distribution (Goulter & Kazemi 1989) accepts that (B) is not constant, but can vary with time (t) or place (s):
The duration of a failure is also considered as a random variable exponentially distributed:
where (t) is the failure's duration, (m*) the expected duration of the repairs and (c) the time between the failure's occurrence and the beginning of the repair. The probability that the duration of a failure will be less than or equal to a specified time (t*) is given by the cumulative density function P(a) = P(t≤t*) = F(t*). According to dynamic analysis (Germanopoulos et al, 1986; Kanakoudis 1998) , if the available failure data records refer only to one kind of a failure regarding its duration, the probability analysis of all kinds of failures is possible. This conclusion was used to statistically process the failure data records available in the Athens water supply network.
Probability analysis in Athens
To estimate the value of the Probability Index for each trouble-causing section of the Athens network, the expected values of the mean number of failures in each of these sections must be estimated according to the Poisson distribution (Equation (7)). Additionally, applying dynamic analysis, the probability of any kind of failure regarding its duration can be also estimated (Equation (9)). The analysis of the Athens failure data records showed that the rate of failures in the Yliki aqueduct channels is 0.00105 events/km/yr while for the channels of the rest of the network this value is 0.00154 events/km/ yr. The tunnels and pipes of the network proved to be in better shape, as their annual rates of failures are 0.0002 and 0.0007 events/km, respectively. According to these numbers and assuming a time period of 15 years, the probability (p) of occurrence of any kind of failure in each one of the supply mains can be calculated. This probability accepts that at least one failure (with predetermined characteristics) will occur in the specified kind of supply mains within the time period T and is given by
So, for Yliki's aqueduct channels p = 0.3127, for the channels of the rest of the network p = 0.8647 (p 1 ), for the tunnels of the entire network p = 0.2834 (p 2 ), for the pipes of the entire network p = 0.4512 (p 3 ) and finally for the entire network (siphons not included) p = 0.9634 (p 0 ). The probability of the occurrence of a failure in any kind of supply mains of each trouble-causing section (Table 10) results from the probabilities p 1 , p 2 , p 3 and p 4 . In fact, this is the joint probability of the two statistically independent facts (p(A˘B) = P(A)*p(B)); a failure occurs in the specified kind of supply main (fact A) and this main belongs to the specific section (fact B). The value of each part's Probability Index equals the probability that one of the following facts will occur: the failure occurs in a channel (fact A), in a tunnel (fact B) or in a pipe (fact C) of the part: Comparing the failure probability-based and the costbased 'top ten', part 2, which was the most costly failing part, is in the sixth most 'risky' place, while part 1, which was the second most costly failing part, is the most 'risky' part of the network. Part 3, from the third most costly, drops to the fifth most risky place and finally part 9, that was in the fourth place, proves to be one of the most reliable parts of the network as it is found in eighth place. 
Estimating the Significance Index (V S )
The Significance Index (Figure 9 ) of each system part results from V S = V C V R9 , where V C is the cost index of the specific failure and V R9 is the joint probability of the following statistically independent facts:
• fact A: the failure occurs in the specific part (the initial Probability Index=>p(A) = V R ),
• fact B: the failure occurs during the specified month of the base year (referring to the needs in the plants),
• fact C: the failure occurs when the Mornos-Evinos system has a specific supplying capacity (65-100%). Table 11 presents the hierarchical spatial analysis of the network sections using the Performance Indices (V C , V R , V S ) developed above, revealing that, if the analysis is based only on each part's Cost Index or Probability Index, it will result in errors when the restoring cost and the failure impacts are not fixed but depend on the system operating conditions. Usually this is the case in a supply network, where the alternative paths among the supply and demand nodes are limited compared to those met in delivery networks. In supply networks any failure's consequences can vary, depending on the supplying capacity of the water resources reserves, the water intake capacity of the exploitation system, the pumping capacity of the pumps/boosters and the carrying capacity of the water mains. Using each part's Significance Index the preventive maintenance policy considers both the magnitude of each failure along with the probability of its occurrence.
Criticizing the results

OPTIMAL TIME SCHEDULE OF THE MAINTENANCE ACTIONS
The final task is to determine the right time for starting the preventive maintenance work. According to the suggested In order to get a full view of the preventive maintenance works in the Athens system, a brief presentation of the policy applied and the costs involved is necessary. Since 1981, EYDAP has kept detailed data records regarding the preventive maintenance work performed. Table 12 presents the characteristics of the preventive maintenance work that took place in the various kinds of Athens water supply mains, based on the valuable experience of the workgroups. Analytically, Table 12 presents the values of From 1981 to 1990 the preventive maintenance work strictly followed the 'rules' presented in Table 12 . The details of the annual preventive maintenance of each trouble-causing part of the network (as identified in the present study: see Table 6 ) are presented in Table 13 . Table 13 also presents the annual depreciation cost of each part. This cost is based on the replacement cost (Table 2 ) and the optimal replacement time of each water supply main (channels, 70 years; siphons, 70 years; tunnels, 100 years; pipes, 70 years) (Walski & Peliccia 1982) .
Unfortunately, since 1991, time and budget restrictions forced EYDAP to prioritize the maintenance work. As the priority criteria used were completely empirical, the timing and location of each maintenance work were not determined by a sophisticated hierarchical analysis of the trouble-causing parts of the network. The records provided revealed that preventive maintenance was focused on section 1, which developed the most trouble-causing behaviour due to structural instability and leakage problems (EYDAP 2001) . The duration of the maintenance work for section 1 followed a declining rate due to the increase of the annual water needs and the decrease of the natural inflows to the water resources.
Comparing the empirical to the significance based management of the preventive maintenance work Table 13 | Characteristics of the preventive maintenance works in Athens (1981 Athens ( -1990 . Comparing the basic conclusions of both management approaches:
Part of the network
• The Mornos Aqueduct is the most significant part of the network as its three sections (1, 2 and 3) take the first three places in both rankings. Actually, according to the significance based ranking, sections 1 and 2 share the first place ( Figure 9 ).
• Experience showed that the maintenance work used to take place from November to April each year.
This is the period of lowest water demand (Table 4) . This is also the period when the system's vulnerability index takes its smallest value.
Both management approaches (empirical and significance based) resulted in the same conclusions regarding the time and location of the maintenance work. This convergence can be used to certify their adequacy, as it is well known that the experience of the workgroups usually provides the best-justified criteria.
THE BENEFITS FROM IMPLEMENTING THE SUGGESTED METHODOLOGY
The methodology suggested was applied in the Athens water supply system and successfully:
• determined the system's minimum operating cost regarding the cost of water intake, water supply and water losses, both under normal and abnormal operating conditions, • determined the significance of a failure incident, occurring in each one of the system's individual parts, based on its impact on the system's daily operating cost,
• hierarchicallu spatially analyzed the system's parts based on the value of their Significance Index,
• determined the most appropriate time for the preventive maintenance work to begin.
In conclusion, the methodology can be used to assist a water utility plan its preventive maintenance policy for a specified time period (e.g. for the N years to come), applying the following steps:
Step 1. Estimation of the mean annual water demands in the plants for the specified time period of the N following years, based on their annual growth rate derived from appropriate forecasting models.
Step 2. Calculation of the monthly water demands based on the mean annual value, using the factors of the monthly demand distribution (monthly demand factor-MDF).
Step 3. Estimation of the annual water supplying capacity of each water resource for the N years to come, using appropriate hydrologic models.
Step 4. Cost-based optimization of the system's monthly operation, considering the water demands in the plants and the water resources supplying capacities, using the system's simulation model.
Step 5. Determination of the system's mean daily operating cost for each month using the system's model.
Step 6. Cost-based optimization of the system's monthly operation under abnormal operating conditions (failure incidence in each one of the system's parts), using the system's simulation model.
Step 7. Determination and quantification of the impacts on the system's daily operating cost of each one of the above-mentioned failures (Hazard Index V C ).
Step 8. Probability analysis of the above mentioned failures for the specified time period of the N following years based on the Dynamic Analysis Method (Probability Index V R ).
Step 9. Calculation of the Significance Index (V S ) of each one of the system's parts for each month.
Step 10. Calculation of the annual Significance
Index of each one of the system's parts (the sum of the respective monthly values calculated in the previous step).
Step 11. Hierarchical spatial analysis of the system's parts based on their Annual Significance Index values.
Step 12. Determination of the value of the system's Vulnerability Index (V I ) for each month of the case study year. The annual value of the index determines the optimal time for the maintenance works to begin.
